ABSTRACT
INTRODUCTION
In many European countries the regulatory authorities establish a quality regulation for electricity distribution networks. Therefore the supply reliability of networks which is the most important quality parameter is measured and based on this a monetary recompense or punishment is imposed.
Failures that occur in electric networks are influenced by very strong stochastic fluctuations. Thus the indices used to describe the reliability have to be stochastic values.
Up to now most methods for reliability calculation determine only the expected values of reliability indices which is an incomplete description of the stochastic behaviour. In order to estimate the financial risk induced by the quality regulation, the expected values of the reliability indices are insufficient but the distribution functions have to be regarded. Within this paper a method is shown with the objective to estimate the probability distributions of reliability indices of medium voltage networks. In consequence of this research project it is possible to compare different alternative quality regulation approaches and to estimate the financial risk for the network operators.
RELIABILITY INDICES
On the one hand the reliability of supply depends on deterministic influencing factors like network structure and secondary systems. On the other hand it is affected by stochastic factors like the outages of network components and the restoration process. For this reason the reliability of supply can only be quantified by random variables with probability functions. Several indices have proven to be adequate for the determination of reliability of supply. These indices are defined as random variables in the following.
 Interruption Frequency
This index describes the number of interruptions of supply in a period under consideration.
 Interruption Duration
This index describes the duration of one interruption of supply.
 Interruption Probability
This index describes the total period within a period under consideration where a customer is not supplied. One can distinguish between customer and system related indices. Customer related indices describe the reliability from the view of one customer while system related indices describe the view of a total network [1] .
ESTIMATION OF RELIABILITY INDICES
The reliability calculation models the power system and its ability to supply the connected customers without interruptions. Therefore outages of network components like cables and switchgears have to be simulated in order to estimate the impact of these outages on interruptions of supply. Based on a well approved tool for reliability calculations [2] a method was developed which calculates the Figure 1 shows its structure.
The first step determines relevant network failures. The most probable failures in distribution systems are single faults where one network component is out of operation. Beside this several other failure models have to be considered [3] .
In the failure-effect-analysis the impact of the considered failures on the supply of customers is determined. This leads to the demand to simulate the restoration processes including switching operations. In common medium voltage networks the penetration of remote control equipment is rather low. Therefore this analysis must be capable to simulate the manual restoration process including stochastic influencing factors like driving times of DSO personnel. In this method a well proven optimization tool is developed further, which models the restoration process accurately and finds restoration strategies which minimise the interruption durations [4] .
Based on the results of the failure-effect-analysis in the third step the reliability indices are calculated. Due to their mathematical preconditions regarding the stochastic input data the widely used homogenous Markov Models are not appropriate in order to calculate the distribution functions of the reliability indices. Thus new algorithms were developed. Two different approaches are applied.
One is based on a Monte-Carlo-Simulation and the other one is an analytic approach.
Markov Simulation
In order to model the stochastic process highly- 
Analytic Method
By application of some simplifications analytic methods based on minimum and maximum operators can be used to estimate the probability functions of the reliability indices.
The restoration time of a customer can be influenced by both, the switching time and the repair duration. The repair duration is the period between a failure and the reconnection of the affected network component. Failure statistics like [3] show that repair times could be well modelled by exponential or hypoexponential distributions. The switching time considers all measures by the DSO personnel and comprises remote-controlled and manually preformed actions. The repair time could be shorter than usual switching durations for example if no damage is caused by a failure. The sub network shown in figure 2 shall be considered exemplarily. Caused by a short circuit the line l 1 is out of operation. The customer C 1 could by reconnected by switching operations which take the time t s . Beside this the restoration could be preformed by repairing the faulty component. Therefore the interruption duration t i,C 1 of C 1 is given by the minimum of t s and the repair duration t r .
As both values are random variables, the distribution function of t i,C 1 can be calculated by figure 3 this is shown exemplarily. The repair duration t r is assumed to be exponential distributed and the switching time t s is assumed to be normal distributed.
Beside single faults the reliability calculation has to consider multiple faults too, for example double earth faults in networks with ground-fault compensation. The approach used for double faults shall be explained with an example shown in figure 4. Lines l 2 and l 3 are out of operation due to a fault. There are two possibilities to reconnect the customer C 2 . The first possibility is to repair the line l 2 which takes as long as the repair duration t r,l 2 . The second possibility is the restoration via l 3 . This implies that line l 3 is reconnected which lasts the repair duration t r,l 3 and the disconnectors have to be switched which lasts the switching time t s . Thus the total time t 2 for the second possibility is given by the maximum of t s and t r,l 3 . The probability function of t 2 can be calculated by F t 2 x = F t r ,l 3 x • F t s x [5] . The total interruption duration t i,C 2 of customer C 2 caused by this failure results from the minimum of t r,l 2 and t 2 ( figure 5 ). On the basis of the shown calculation scheme all relevant failure models can be calculated.
The operation time of electrical components is much bigger than the outage time. Therefore the outage frequency can be estimated from the operation time. If a constant failure rate is assumed, the distribution function of the interruption frequency is given by a Poisson distribution [6] .
EXEMPLARY RESULTS
In the following the reliability indices for a rural and an urban supply area which are calculated with the described method are compared. The urban 20 kV network consists of 144 substations with a total load of 18 MW. The total cable length of the network is about 60 km. The rural network has 130 substations with a total load of 10 MW and a cable length of 150 km. Besides the high voltage substations both networks do not have any remote control equipment.
Customer Related Reliability Indices
First customer related reliability indices are discussed exemplarily for one substation of the rural network. In figure 6 the probability density functions of the interruption frequency, the interruption duration and the interruption probability are shown. The considered substation is located in a feeder which has a length of 23 km and which comprises 19 substations. The probability distribution of the interruption duration shows several distinct maxima. This can be explained by the fact, that different failures in a feeder usually cause different interruption durations. The probability density function of the interruption frequency shows the probability for the occurrence of a number of interruptions in one year. For example the considered substation experiences exactly one interruption of supply within one year with a probability of 0.338. The interruption probability is calculated from the aforementioned indices. It describes the total duration for which one customer is not supplied within one year. The considered substation is affected by no interruption of supply with a probability of 0.525 within one year. For this reason the interruption probability must be zero with this probability. The probability density of the interruption probability is wider than the probability density of the interruption duration because more than one interruption of supply within one year occurs with a probability of 0.137.
System Related Reliability Indices
In figure 7 the predicted system related reliability indices for both networks are displayed. Again a valuation period of one year is assumed. As expected, the rural network shows clearly shorter interruption durations than the urban network. Due to shorter feeder lengths in the urban network the restoration process is less complex.
Furthermore the influence of additional remote control equipment is analysed. Therefore the substations which have an open disconnector in normal operation are equipped with remote-controlled disconnectors. These measures cause decreasing interruption durations by avoiding driving times to those stations which have especially advantages in the rural network.
The interruption frequency has a discrete probability density function because in the valuation period the number of supply interruptions must be integer. But the calculation of this index is carried out weighted with the interrupted power and so a nearly continuous range of values can be found. This index could by suitably displayed as a frequency distribution as shown in figure 7. From this example could be seen, that the interruption frequency of the urban network is within the range of 0/a to 0.1/a with a probability of 0.62. The interruption frequency in the rural network is much higher than it is in the urban network because the protection zones which are disconnected by a failure are much smaller in the urban network due to shorter feeders. The application of remote-control equipment does not affect the interruption frequency.
The distribution functions of the interruption probability show a significant spread around their expected values. The expected value of the interruption probability of the rural network is 29 min/a. But with a probability of 10 % this index is higher than 50 min/a. The interruption probability could be reduced by the application of additional remote-control equipment. For example the probability that the interruption probability is higher than 40 min/a in the rural network could be reduced from 0.22 to 0.09.
CONCLUSIONS
The described method is suitable to calculate the distribution functions of common reliability indices which describe the reliability of supply much more comprehensively than the widely used expected values. Based on this distribution functions the effect of quality regulation mechanisms could be estimated. Regarding guaranteed standards for example the probability of limit violations could be estimated and the monetary risk for network operators determined. 
